New heteroleptic ruthenium(II) complex was formulated as [Ru(L 1 ) 2 (NCS) 2 ], where L 1 = 9-anthracenyl-10-(2-methyl-2-butenoic acid)-1,10-phenanthroline was synthesized and its photophysical properties were studied and compared to previously reported analogue complex containing no anthracene moiety [Ru(L 2 ) 2 (NCS) 2 ], L 2 = (2-methyl-2-butenoic acid)-1,10-phenanthroline. The two complexes though exhibit very strong molar extinction coefficient values; however, [Ru(L 1 ) 2 (NCS) 2 ] shows better characteristic broad and intense metal-to-ligand charge transfer (MLCT) absorption band and higher molar absorptivity coefficient at ( max = 522 nm, = 6.60 × 10 4 M −1 cm −1 ) than that of [Ru(L 2 ) 2 (NCS) 2 ] complex, ( max = 446 nm, = 4.82 × 10 4 M −1 cm −1 ). At room temperature, long wavelength emissions with strong intensity ratio centered at 660 nm were recorded for [Ru(L 1 ) 2 (NCS) 2 ] complex with a bathochromic shift ( em = 700 nm) for [Ru(L 2 ) 2 (NCS) 2 ] complex. It was shown that the luminescence wavelength characteristic of the complexes may be a function relating to the increasing length of -conjugation and/or molecular weight. A preliminary cyclic voltammetry of [Ru(L 1 ) 2 (NCS) 2 ] complex also exhibits good electroredox activity with oxidation potential of about 1.04 V, significantly better than other Ru(II) polypyridine complexes containing bidentate ligands.
Introduction
The search for efficient solar energy conversion devices is an important area of research [1] [2] [3] [4] [5] [6] [7] . Among all major constituents vital to dye-sensitized solar cells (DSCs), photosensitizers are responsible for light harvesting, while suitable photoanodes, redox couples, and counter electrodes are utilized to achieve efficient charge separation, collection, and transportation. The major challenge of this emergent technology is to integrate each of the components into a highly efficient, single photonic device [8] [9] [10] [11] [12] [13] [14] [15] . Recently, an order of magnitude increase in solar energy conversion efficiencies at dye-sensitized photoelectrochemical cells has been realized [16] [17] [18] [19] [20] [21] [22] . This breakthrough was accomplished by attaching ruthenium polypyridyl complexes to high surface area titanium dioxide, TiO 2, electrodes when operating as photoanodes in a photoelectrochemical cells; these materials efficiently convert visible light to electricity [23, 24] . Research on artificial photosynthetic devices based on this technology provides an opportunity to directly convert light energy into electricity on a molecular level. Since it is expected that most inorganic charge transfer complexes possess unique ground and excited state properties, it is not surprising to find that solar energy conversion efficiencies are dependent on the nature of the molecular dye sensitizer. Ruthenium polypyridine complexes are widely used as photosensitizers in covalently linked multicomponent systems. Their photophysical properties make them ideal candidates as building blocks for the design of supramolecular species performing complex light induced functions [25] [26] [27] [28] . These complexes offer desirable redox properties, excited-state reactivity, luminescent emission, and excited-state lifetimes [29] [30] [31] [32] [33] [34] [35] [36] .
Journal of Spectroscopy
Previous study has shown that metal-to-ligand charge transfer (MLCT) sensitizers with positive metal-based oxidation potentials have the disadvantage of exhibiting high energy absorption bands which only harvest a fraction of visible light [25, 26] . For complexes of the type cisRu(LL) 2 X 2 (where LL is bidentate polypyridine ligands and X is ancillary ligands) intense MLCT absorption bands are often observed from 400 to 600 nm with negligible absorption at longer wavelengths [22] . The MLCT absorption can be extended to lower energy by appropriate substituent changes in the chromophoric ligands or by decreasing the d - * backbonding donation of the nonchromophoric ligands. The effect of these changes on the photophysical properties of metal polypyridine complexes has been the subject of several investigations which have given fundamental insight into the factors, which govern radiative and nonradiative decay processes of excited states [25, 26] .
In an attempt to extend the spectral sensitivity of dye molecules towards the red, we have designed a new cis-Ru(LL) 2 -(X) 2 polypyridine complex based on the ligand 5-(9-anthracenyl-10-(trans-2-methyl-2-butenoic acid)-1,10-phenanthroline) with extended * accepting orbitals at lower energy and the photophysical properties compared to the previously reported heteroleptic Ru(II) complex of 5-(trans-2-methyl-2-butenoic acid)-1,10-phenanthroline ligand [37] . The photoelectrochemical characteristics exhibited by the complex are rationalized in terms of spectroscopical and photophysical properties measured in fluid solution. As envisaged, enhanced spectral response was found for complex containing anthracenyl functionality as compared to that without anthracene. However, of particular relevance in the context of this report in relation to our previous studies and reports on the increasing number of anthracene functionality in a particular ruthenium polypyridyl complex in which molar extinction coefficient values are reduced due to molecular aggregation [38] [39] [40] . On the basis of this, we set out to investigate and discuss the photophysical and electrochemical properties of a new-type monoanthracenyl functionalized phenanthroline heteroleptic ruthenium(II) complex in relation to its potential use as a photosensitizer for application in the dye-sensitized solar cells (DSSCs) and other optoelectronic devices.
Results and Discussion
2.1. Chemistry. Scheme 1 (i-iii) shows the stepwise synthetic pathways for L 1 and L 2 and outlines the chemistry of the present study. 9,10-Dibromoanthracene, 2-methyl-2-butenoic acid, and 1,10-phenanthroline are the starting materials for 1 and 2. 9-Bromo-10-(2-methyl-2-butenoic acid)-anthracene (1) was obtained when 9,10-dibromoanthracene and 2-methyl-2-butenoic acid were refluxed in a benzene/dichloromethane mixture under basic condition using triethylamine, potassium hydroxide, and palladium carbide. Product 2 was obtained by the initial introduction of required bromine functions on 1,10-phenanthroline under an environmentally benign condition as reported by Vyas and coworkers [41] . L 1 and L 2 were synthesized following slight modifications of established procedures reported in the literature [40] . The synthesis of L 1 essentially follows two major reaction steps: the initial synthesis of a 2-methyl-2-butenoic acid functionalized anthracenyl group followed by a palladium cross-catalyzed reaction of two halide compounds. This reaction was aided by the use of an equivalent volume ratio of dichloromethane-benzene as solvent to overcome the poor solubility of anthracenyl derivatives in common organic solvents such as methanol and chloroform. It was found that this reaction could be reversed by first reaction of the halogenated polypyridine with 9,10-dibromoanthracene and a subsequent dehydrohalogenation reaction with 2-methylbutenoic acid. L 2 was obtained by one-step nucleophilic aromatic substitution reaction of the bromide group of product 2 with 2-methyl-2-butenoic acid. 
Infrared Spectra.
The FT-IR spectra of the starting materials, the ligands, and the complex showed certain characteristic absorption bands that were compared and assigned on careful comparison. Due to structural similarities between the ligand and the complex, a strong band in the region 3479-3055 cm −1 was found. This gave indication of the presence of an O−H group possibly from the carboxylic acid moiety. This band, however, shifted to higher frequency at 3551 cm −1 in the complex (Figure 1 ). The vibration frequency bands between 3479 and 3237 cm −1 may be due to presence of -, -unsaturated carboxylic acid and/or aromatic C−H stretching characteristics of the molecules. The band at 2928 cm −1 shows the presence of C−H stretching of methyl groups. The complex shows a broad absorption frequency at 2104 cm −1 for stretch vibrational modes due to the N-coordinated (CN). This band is reduced in intensity compared to the band at 926 cm −1 , due to (CS). The bands at 1971, 1638 cm −1 , 1309, and 1256 cm −1, were assigned to the (C=O) and (C-O) stretching of carboxylic acid groups, respectively. The singlet sharp band at 1617 cm −1 is assigned to the aromatic C-N stretch vibration with the two bands at 1459 and 1438 cm −1 due to ring stretching modes of the ligands. A comparison of the infrared spectra of L 1 and 9,10-dibromoanthracene showed that a strong vibrational band in the former was conspicuously absent in the latter, confirming the loss of C-Br bond and the formation of C-C bond linkages of the anthracenyl group. Furthermore, the C-C bond linkage between anthracene and phenanthroline was affirmed by the absorption frequency at 804 cm 
distribution of the anthracene chain length [36] . The weak absorption frequencies at 475 and 404 cm −1 , respectively, show the coordination of nitrogen atoms of the ancillary ligands to ruthenium central metal atom [44] . (Figure 3 ) showed important diagnostic peaks depicting the presence of phenanthroline, anthracene, and the 2-dimethyl substituted -, -unsaturated carboxylic acid. At the aromatic region, a peak at 150.28 was tentatively assigned to the C=O of the acidic group and/or the C=N of the phenanthroline framework. Increase in the -bond conjugation in molecules is known to cause upfield shifts for all types of carbonyl compounds due to strong electron density delocalization [45] . The reduced peak signals at 146.19, 139.25, and 128.61 ppm were assigned to the quaternary carbon atoms. Three strong peaks at 135.98, 126.50, and 123.06 ppm were assigned to the methine groups of the ligand. At the aliphatic region, the two methyl groups showed conspicuous peaks at 14.42 and 11.74 ppm. Good 1 H and 13 C-NMR spectra resolutions were difficult to obtain for the corresponding [Ru(L 1 ) 2 (NCS) 2 ] complex. However, in the aromatic region of the 1 H-NMR, it was observed that the two major symmetric signals assigned to the anthracene protons dominate the spectrum at 8.59 (dd, J = 4.8, 7.2 Hz) and 7.63 (dd, J = 2.8, 6.8 Hz), the phenanthroline proton peak signals were found at a very much reduced intensity ( Figure 4) . The aliphatic region of the spectrum, however, gave interesting information with the presence of four downfield singlet peak signals at 2.95, 2.88, 2.17, and 2.04 ppm which were assigned to the methyl signals of the carboxylic acid groups. The reason for the splitting into four different singlet peaks is unclear at the moment, but it could be inferred that the two outer anchoring ligands in the complex possibly have different spatial orientation as 
opposed to the symmetry found in a single (L 1 ) ligand before complexation. complex, consequently, allows a thinner nanocrystalline TiO 2 film to avoid the decrease of the mechanical strength. A thinner film also facilitates the electrolyte diffusion and reduces the recombination possibility of the light-induced charges during transportation [47] . The molar extinction coefficients of the two complexes descend steadily towards longer wavelengths. Noticeably, the complexes show a common weak shoulder in the near infrared region at 918 nm ( = 5734 M −1 cm −1 ) and general broad bands in the region of 965-1022 nm ( Figure 6 ); these absorption bands are attributed to the 3 MLCT triplet state excitation of the ruthenium(II) polypyridine complexes [39, 48] . The intense absorption band in the UV region around 280-300 nm (not shown) was assigned to the intraligand → * transitions of L 1 and L 2 ligands. The lower-energy absorption in the two complexes may have been enhanced due to the presence of the electron withdrawing nature of the carboxylic groups which lowers the energy of the * orbital of the phenanthroline ligands and a further stability of the complexes provided by the trans nature of the methyl groups [49] . Figure 7 . Upon excitation into the 1 LC and 1 MLCT bands (470 nm), both complexes display appreciable luminescence at room temperature. An emission wavelength maximum centered at 660 nm was recorded for [Ru(L 1 ) 2 (NCS) 2 ]. It is interesting to note the red shift in emission wavelength maximum centered at 700 nm for [Ru(L 2 ) 2 (NCS) 2 ]. As observed in the absorption spectra, the emission spectra show no shoulders, indicating probably the existence of only one emitting state and nondistortion of molecular structures in the two complexes. However, overall emission wavelengths show an inverse relationship with increase in absorption wavelength maxima. This may be explained in terms of the energy gap between the ground and the lowest excited states which monotonically increases as the extent of charge transfer of the electronic ground state decreases. The results Absorbance (a.u.) may also be ascribed to the molecular size of the complexes. It has been reported that as the molecular size increases through the extended -conjugation, the density of the states will increase, thus providing more effective coupling channels between the ground and photon-allowed states [50, 51] . It is well known that conjugated functional organic molecules are useful for the study of electron transport at the molecular scale and that the use of fused-ring systems is a powerful and practical approach. The energy of the LC excited states depends on intrinsic properties of the ligands, such as the HOMO-LUMO energy gap and the singlet-triplet splitting. The intense emission is a significant contribution Step potential is 5 mV, amplitude is 60 mV versus Ag|AgCl, and frequency is 10 Hz. Scan rate is 100 m Vs −1 versus Ag|AgCl.
Electronic Absorption and Emission

Emission Study. The emission spectra of
to the excited state from an interaction between the metal d-orbital and the ligand -systems [52] .
Electrochemical Study.
The cyclic and square wave voltammograms of the complex [Ru(L 1 ) 2 (NCS) 2 ] were examined in the potential range +1.5 to −1.5 V and at a scan rate 50 mV⋅s −1 using Ag|AgCl electrode in DMF solvent with 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte (Figure 8(a) ). The voltammograms display the Ru 2+ /Ru 3+ couple at positive potential and ligand based on reduction couples at negative potential. A reversible oneelectron oxidation peak at E 1/2 = +1.04 V (process III) was attributed to Ru 2+ /Ru 3+ wave couple, which was found at a slightly reduced potential (∼+0.14 V) in the square wave voltammogram (Figure 8(b) ). The reason for the observed shift in potential could not be adequately accounted for, though, the possibility of instrumental error is not precluded [40, 49] . In comparison, the highly efficient Ru(II) DSC sensitizers commonly possess Ru 2+ /Ru 3+ potentials close to or greater than ca. +0.9 V while maintaining a sizeable over potential versus I − /I 3 − couple to ensure the fast regeneration of the oxidized sensitizer [53, 54] . To circumvent this limitation, one possible solution is to attach a strong electron-withdrawing group onto the ancillary so that oxidation potentials can be adequately controlled [55] . One identified irreversible oxidation peak process II was observed at +0.58 V; this was ascribed to the ring oxidation of either the phenanthroline or anthracene and/or a contribution from the carboxylate ions present in the complex. At the negative potential, pseudoirreversible wave was observed at −0.89 V for process I. The more positive reduction potential may be assigned to the contribution from the liganddue to an additional (C=C) conjugative -bond as found in the structure of anthracene since the ligand contains the electron withdrawing -COOH group of the anchoring ligand being responsible for lowering the LUMO levels.
Experimental
Materials and General Physical Measurements.
All chemical and reagents were analytically pure and used without further purification. 5-Bromo-1,10-phenanthroline and 5-(9-bromoanthracene)-1,10-phenanthroline were synthesized as described in the literature [41] . 5-(9-Anthracenyl-10-(trans-2-methyl-2-butenoic acid)-1,10-phenanthroline) (L 1 ) and 5-(trans-2-methyl-2-butenoic acid)-1,10-phenanthroline (L 2 ) were synthesized by the literature procedure [38] with slight modifications (Scheme 1). All thin layer chromatography (TLC) analyses were done with aluminium sheet precoated with normal phase silica gel 60 F 254 (Merck, 0.20 mm thickness) unless otherwise stated. The TLC plates were developed using any of the following solvent systems: solvent system A: dichloromethane-methanol (9 : 1); solvent system B: dichloromethane-methanol (7 : 3); solvent system C: diethyl ether-methanol (1 : 1). Gel filtration was performed using Sephadex LH-20 previously swollen in specified solvent (s) prior to loading of extract onto the column (3.5 cm × 8.5 cm). Melting points were determined using a Gallenkamp electrothermal melting point apparatus. Microanalyses (C, H, N, and S) were carried out with a Fisons elemental analyzer and infrared spectra were obtained with KBr discs or nujol on a Perkin Elmer System 2000 FT-IR Spectrophotometer. UV-Vis and fluorescence spectra were recorded in a 1 cm path length quartz cell on a Perkin Elmer Lambda 35 spectrophotometer and Perkin Elmer Lambda 45 spectrofluorometer, respectively.
1 H-and 13 C-NMR spectra were run on a Bruker EMX 400 MHz spectrometer for 1 H and 100 MHz for 13 C. The chemical shift values were reported in parts per million (ppm) relative to (TMS) as internal standard. Chemical shifts were reported for the ligands and complex with respect to CDCl 3 at c 77.00 and H CDCl 3 at 7.26. Electrochemical experiment was performed using a PGSTAT 302 Autolab potentiostat (EcoChemie, Utrecht, The Netherlands) driven by the general purpose electrochemical system data processing software (GPES, software version 4.9). A conventional three-electrode system was used. The working electrode was a bare glassy carbon electrode (GCE); Ag|AgCl wire and platinum wire were used as the pseudo-reference and auxiliary electrodes, respectively. The potential response of the Ag|AgCl pseudoreference electrode was less than the Ag|AgCl (3 M KCl) by 0.015 ± 0.003 V. Prior to use, the electrode surface was polished with alumina on a Buehler felt pad and rinsed with excess Millipore water. All electrochemical experiments were performed in freshly distilled dry DMF containing TBABF 4 as supporting electrolyte. 2,104, 1,971, 1,638, 1,617, 1,459, 1,448, 1,304, 1,265, 1,156, 1,090 
Synthesis of 5-(9-Anthracenyl-10-(trans-2-Methyl-2-butenoic acid)-1,10-phenanthroline) (L 1
Synthesis of cis-Dithiocyanato-bis-5-(trans-2-methyl-2-butenoic acid)-1,10-phenanthrolyl Ruthenium
. In a 250 mL flask, [RuCl 2 (dmso) 4 ] (0.44 g, 0.90 mmol) was dissolved in N,N-dimethylformamide (40 mL) followed by the addition of ligand L 2 (0.50 g, 1.79 mmol). The mixture was refluxed initially at 120 ∘ C for 2 h in the dark and excess of NH 4 NCS (0.27 g, 3.59 mol) was added and the same procedure as described above was followed. Colour: orange solid; melting point: 201-204 ∘ C; 
Conclusions
With the growing research in the different sections of DSSC, including sensitizers, we have designed, synthesized, and characterized a new ligand, 5-(9-anthracenyl-10-(2-methyl-2-butenoic acid)-1,10-phenanthroline (L 1 ), and its ruthenium(II) complex [Ru(L 1 ) 2 (NCS) 2 ] using FT-IR, 1 H NMR, and elemental analysis. The photophysical properties of the complex when compared with previously reported analogue [Ru(L 2 ) 2 (NCS) 2 ] complex containing no anthracenyl functionality were found to show higher molar extinction coefficient and shifting of the wavelength maximum to the red as these were attributed to the extension of -bond conjugation [56] [57] [58] . Particularly, for this molecule, further work is ongoing in our laboratory to establish the solar-to-electrical energy conversion efficiency ( ) in the dye-sensitized solar cells (DSSCs). However, due to -electron cloud overlaps in anthracene derivatives, the molecule could be useful in other applications, including organic electroluminescence material for biosensitizers and display devices such as organic light emitting diode (OLED), organic thin film transistor (OTFT), wearable display, photochromic agents, and electronic paper.
